Estuaries are important conduits between terrestrial and marine aquatic systems and function as hot spots in the aquatic methane cycle. Eutrophication and climate change may accelerate methane emissions from estuaries, causing positive feedbacks with global warming. Boreal regions will warm rapidly in the coming decades, increasing the need to understand methane cycling in these systems. In this 3-year study, we investigated seasonal and spatial variability of methane dynamics in a eutrophied boreal estuary, both in the water column and underlying sediments. The estuary and the connected archipelago were consistently a source of methane to the atmosphere, although the origin of emitted methane varied with distance offshore. In the estuary, the river was the primary source of atmospheric methane. In contrast, in the adjacent archipelago, sedimentary methanogenesis fueled by eutrophication over previous decades was the main source. Methane emissions to the atmosphere from the study area were highly variable and dependent on local hydrodynamics and environmental conditions. Despite evidence of highly active methanogenesis in the studied sediments, the vast majority of the upwards diffusive flux of methane was removed before it could escape to the atmosphere, indicating that oxidative filters are presently still functioning regardless of previous eutrophication and ongoing climate change.
Introduction
Methane (CH 4 ) is an important greenhouse gas that contributes significantly to global warming (IPCC 2014) and influences atmospheric chemistry through a complex chain of oxidation reactions (Cicerone and Oremland 1988) . The majority of CH 4 on Earth is produced by microbial methanogenesis, which is the ultimate pathway of anaerobic fermentation of organic matter occurring in a multitude of environments (Knittel and Boetius 2009) . Of the natural sources of atmospheric CH 4 , wetlands and freshwater systems are among the most significant, while agriculture, fossil fuels, waste treatment, and other anthropogenic sources make up between 46 and 67% of global emissions (Kirschke et al. 2013) . As a consequence of human activities, the concentration of CH 4 in the atmosphere has more than doubled since pre-industrial times (Blasing 2016) .
Coastal regions globally are experiencing intensified anthropogenic influence. In 2010, 1.9 billion people lived within a 100 km of a coastline; this figure is expected to rise to 2.4 billion by 2050 (Kummu et al. 2016) . Agriculture, wastewater, industrial activities, and transport all contribute to nutrient and organic carbon loading to coastal aquatic systems (Syvitski et al. 2005; Lotze 2006; Paerl et al. 2006) . Due to their role as conduits of land-to-sea transfer, estuaries are hot spots for biogeochemical cycling and are among the most productive aquatic systems in the world (Bianchi 2007) . Eutrophication has increased the organic matter loading to estuarine Communicated by Margaret R. Mulholland
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An important consequence of the eutrophication-driven expansion of low-oxygen conditions in estuaries is the increased production of CH 4 in the underlying sediments, as remineralization of organic matter increasing proceeds by anaerobic pathways (Naqvi et al. 2010; Gelesh et al. 2016) . Estuaries have long been considered a potential source of atmospheric CH 4 emissions (Reeburgh 1969) , due to outgassing of allochthonous inflowing CH 4 from the terrestrial environment, as well as autochthonous production within the estuary itself (Upstill-Goddard et al. 2000) . However, the relative importance of these two main sources is not always easy to quantify (Reeburgh 2007) . Large spatial and temporal variability in CH 4 concentrations is observed within and between estuaries, hampering efforts to construct methane mass balances for estuarine systems or to quantify the extent of human impact. Yet, typical estuarine surface water CH 4 concentrations are well above atmospheric equilibrium (de Angelis and Scranton 1993; Abril and Borges 2004) , implying that estuarine systems are indeed a source for atmospheric CH 4 .
The anthropogenic impact on methane cycling in estuaries is potentially exacerbated by climate change. The combined effects of eutrophication and warmer temperatures have been shown to increase atmospheric fluxes of CH 4 from lakes (Davidson et al. 2018) . Boreal regions are excepted to be especially vulnerable to the warming climate and the changes introduced might not be linear in nature (Soja et al. 2007 ). Furthermore, other effects of climate change such as increased or more variable runoff, decreased solubility of oxygen, and increased water mass stratification (Gelesh et al. 2016) can all potentially contribute to the methanogenic potential of estuaries.
Despite their productivity and potential for greenhouse gas emissions, the exact contribution of estuaries to the global CH 4 budget is still relatively poorly constrained and they have often been excluded from global carbon budgets (Kirschke et al. 2013 ). In estuaries, as in other methanogenic environments, the emissions reaching the atmosphere are dependent on the balance of methanogenic and methanotrophic processes. The microbial processes and communities involved in the production and consumption of CH 4 are both directly and indirectly affected by environmental conditions. Hence, it is important to understand how different environmental conditions may lead to cascading effects in the microbial communities mediating CH 4 processes, and impact directly on process rates, for example through influencing metabolic activity or substrate availability (Dean et al. 2018) .
Of the biogeochemical processes occurring in estuarine sediments, anaerobic oxidation of methane (AOM) is the most important limiting the escape of CH 4 to the water column and eventually to the atmosphere. AOM is capable of removing up to 90% of all CH 4 produced by methanogenesis (Knittel and Boetius 2009) . It is typically most active in sediments (Iversen and Blackburn 1981) , though it has been also shown to be active in the water column in strongly stratified systems (Jakobs et al. 2014 ). In the water column, aerobic oxidation of methane (MOX) is also a major process removing significant amounts of methane (Fenchel et al. 1995) . Although these processes are very effective at preventing methane from escaping to the atmosphere, the combined effects of climate change and eutrophication have the potential to drastically increase CH 4 emissions from estuaries (Davidson et al. 2018) , and it remains unknown whether it is possible for these filters to be overcome, whether through large increases in methanogenesis, increased storm activity, or solubility effects of increased temperatures.
Here we report the results of a 3-year study investigating seasonal and spatial variability of methane dynamics in a eutrophied boreal estuary with a legacy of eutrophication. The legacy effect is the result of decades of heightened autochthonous and allochthonous carbon loading in response to eutrophication in the catchment of the estuary, as well as the Baltic Sea in general. This has decreased the depth of the sulfate-methane transition zone (SMTZ), leading to increased CH 4 fluxes from the sediment. Data presented here contain both water column and sediment porewater concentrations and calculated flux estimates from sediments to water column and from there to the atmosphere.
Materials and Methods

Study Area
This study was conducted in an estuary and adjacent archipelago area located in Southern Finland, east of the Hanko Peninsula ( Fig. 1.) . The estuary goes by several names in the literature but will be referred to as Pojo Bay here. It has been a location for numerous scientific studies for more than a century (Stipa 1999) . It is a microtidal, fjord-like estuary that receives fresh water primarily from the river Mustionjoki (also known as Karjaanjoki) and opens in to the Gulf of Finland. The catchment area of Mustionjoki is 2046 km 2 , consisting of 46% forest, 19% agriculture, 11% lakes, and 10% urban area (Asmala et al. 2012) . There is a shallow sill (< 5 m water depth) near the city of Ekenäs separating the inner estuary from the outer archipelago and restricts currents, which creates a strong salinity gradient in the basin (< 1 in the inner bay to 7-8 in the outer archipelago). The inner bay is typically strongly stratified and the stagnant deep water is renewed only during late autumn or winter, when winddriven inflows push more saline water over the sill into the inner bay (Stipa 1999) . The estuary freezes intermittently during winter, with the inner bay typically freezing over completely and featuring several decimeters of ice. The inner bay has long suffered from periods of anoxia and sediment cores from the estuary feature distinct accumulation of solid-phase sulfur since the early 1970s, indicative of increased input of organic matter in response to eutrophication in the area ). However, with improvements in communal wastewater treatment, limitations imposed on agricultural fertilizer usage and decreases in upstream industrial activity, modern nutrient and organic matter loading via the river is limited compared to similar estuaries along the Finnish coast (Meeuwig et al. 2000; Asmala et al. 2013) . Annual mean loadings of carbon and nutrients determined during 2010-2011 are as follows: TOC = 4037 t year −1 , TN = 378 t year −1 , and TP = 12 t year −1 (Asmala et al., 2013) . Two large lakes in the catchment also retain nutrients effectively (Koskiaho et al. 2015) .
Sampling Strategy
Spatial methane dynamics in the estuary were studied along a 33-km transect consisting of 11 sites, which span from the river mouth of Mustionjoki in the inner estuary, out to open sea. The sites were selected for being representative of the various biogeochemical conditions along the estuary, both in the water column and in the sediments. The transect sites are labeled from A to K alphabetically and ordered by their distance offshore. The transect can be broadly split into three distinct parts: inner bay (A-E), sill (F-G), and archipelago (H-K) ( Fig. 1 more sheltered site surrounded by islands and features stronger seasonal stratification and is periodically hypoxic or anoxic below the pycnocline. Sites along the transect were sampled three times for water column parameters (years 2015, 2016, and 2017) and twice for sediments (2014 and 2016) . Three upstream sites in the Mustionjoki River (max 2 km from river mouth) were also sampled once in September 2015. The seasonal sites (J and L) were sampled four times during 2016 and once during 2017 (April, June, August, October, and March).
Water Sampling and CH 4 Analysis
Water samples were collected using a 5-L LIMNOS™ water sampler. Each site along the transect was sampled at 5-m depth intervals, with the first sample immediately below the surface (covering approximately 0-50 cm depth due to the length of the sampler). The two seasonal sites J and L were sampled at 2-m intervals. Complimentary temperature and salinity profiles were measured with a handheld CTD device at every station ( Fig. S2 ). Samples were collected from small boats in the summer and from a hovercraft during winter sampling (March 2017).
Dissolved CH 4 samples were collected and prepared for analysis using a headspace equilibration method. Briefly, 30 mL of water was retrieved directly from the water sampler through a rubber tube, into a 60-mL plastic syringe and stored in a cooler. Within 6 h, a headspace of 30 mL of 5.0 purity N 2 was added and the samples were left to warm up for 30 min at room temperature. The samples were shaken vigorously for 3 min prior to transferring the headspace/gas in to a dry syringe through a three-way stopcock. From the dry syringe, the samples were injected into 12 mL glass tubes with butyl rubber septa (preevacuated LabCo Exetainer™ model 839W). The concentration of methane in the headspace was measured with a gas chromatograph equipped with a FID sensor (Agilent Technologies 7890B) against a three-point calibration of known gas concentrations (0.46, 5, and 47 ppm). Standards were measured before and after each sample series, and a 5-ppm standard was measured after every 10th sample, to account for between-and within-series drift, respectively. The original dissolved gas concentration of methane was then calculated using Henry's law and Bunsen solubility (Wiesenburg and Guinasso 1979) . Samples were always analyzed within 2 weeks of sampling. For a more detailed description of the method, we refer the reader to Myllykangas et al. (2017) . The method has limited sensitivity at CH 4 concentrations close to atmospheric equilibrium (1-3 nM). However, the lowest concentrations measured in this study were an order of magnitude higher than these values; hence, we consider the method reliable in this setting.
Sediment Sampling and Porewater Geochemical Analysis
Sediment cores were retrieved with a GEMAX™ twin gravity corer with 3 cm diameter holes pre-drilled at 1.5 cm intervals on the side of the core tube. The holes were closed with wide water-resistant electrical tape prior to sampling. After recovery, the holes were cut open and a cutoff syringe was quickly inserted into the core and filled with 10 cm 3 of sediment. The sediment in the syringe was then transferred to a 65-mL glass bottle containing supersaturated NaCl solution (Egger et al. 2015) . The bottles were instantly capped with a butyl rubber septum and a screw cap and stored upside down while awaiting analysis. The transfers were always performed immediately after the core was brought on deck and as rapidly as possible to minimize degassing. Within 24 h, a headspace of 10 mL of 5.0 purity N 2 was introduced into the samples (with an equivalent amount of NaCl-slurry flowing out) and the samples were shaken to ensure all methane had evolved from the dissolved phase to the headspace.
Two 1-mL subsamples were taken from the headspace of each sample with a gas-tight 1-mL glass syringe and transferred to an evacuated 12-mL glass tube with a butyl rubber septum (LabCo Exetainer™ model 839W) and pressurized with 20 mL of 5.0 N 2 , creating a dilution of 1:21. The mole fraction of methane in headspace of the samples was analyzed with a FID-equipped gas chromatograph (Agilent Technologies 7890B) against a standard series of known gas concentrations (5, 1000, and 10,000 ppm). As with water column samples, standard series were analyzed before and after each sample series and a 5-ppm standard was inserted after every 10 samples. The original porewater methane concentration was calculated assuming quantitative evolution of methane into the headspace. The volume of porewater in the 10-mL wet sediment sample was calculated directly from porosity values measured in parallel cores or estimated using assumed porosity profiles based on data from neighboring sites.
Vertical sulfate (SO 4 2− ) and hydrogen sulfide (H 2 S) profiles were generated from a parallel GEMAX™ core after Rhizon™ sampling. Two vertical series of holes at 2 cm intervals were drilled into the core tube, one for each sulfur species. The holes were taped prior to sampling, and after recovery, Rhizons™ were inserted into the holes and porewater was collected into 10 mL polyethylene syringes. The syringes for the H 2 S series were pre-loaded with 1 mL 10% zinc acetate prior to sampling in order to trap sulfide in the form of zinc sulfide. The samples in the SO 4 2− series were acidified post-sampling with 1 M HNO 3 .
The acidified SO 4 2− samples were analyzed using inductively coupled plasma-optical emission spectrometry (ICP-OES). The post-sampling acidification removes H 2 S from the samples (Jilbert and Slomp 2013) ; hence, the measured S pool was considered to represent only SO 4 2− . The H 2 S series was analyzed spectrophotometrically at 670 nm wavelength according to a modified version of the methods of Cline (1969) and Reese et al. (2011) . For a more detailed description of the method, see Jilbert et al. (2018) .
Sediment Flux
Flux of methane from the sediment to water column was calculated using Fick's first law:
Where J is the calculated flux of methane (mol m −2 s −1 ), ϕ is the porosity of the surface sediment (determined from water content assuming sediment density of 2.65 g cm −3 ), ∂C is the concentration difference between the surface sample from sediment (mol m −3 ) and the deepest water sample (concentration assumed uniform between deepest sample and sediment surface), ∂x is the distance between the two different measurements (m), and D s is the bulk sediment diffusion coefficient for methane, which was estimated according to (Berner 1980) :
where D 0 is the molecular diffusion coefficient for methane in seawater at 4°C (0.87 × 10 −10 m 2 s −1 ) (Iversen and Jørgensen 1993) and θ is tortuosity, estimated as per (Boudreau 1997) as:
In addition to surface flux calculations described above, methane dynamics were studied also deeper in the sediment at seasonally studied sites J and L. A simple 1-D diagenetic model of CH 4 production and consumption was generated by using the software PROFILE (Berg et al. 1998) . The software utilizes a simplified version of mass conservation equation of Boudreau (1997) :
where R is the net production rate of CH 4 . The software uses F tests and least squares fitting routines to determine optimum numbers of zones of production and consumption based on the concentration gradients of the porewater profiles. The model domain is defined by the whole interval sampled for porewater methane concentrations. In situ porosity values were used at each depth interval.
Atmospheric Flux
Flux of methane to the atmosphere was calculated with a twolayer model (Liss and Slater 1974) :
where F is the diffusive flux (mol m −2 s −1 ), C aq (mol m −3 ) is the surface water concentration of CH 4 and C eq the atmospheric equilibrium concentration calculated based on Henry's law, and k is the gas transfer velocity (m s −1 ). C eq was calculated using the atmospheric CH 4 concentrations of 1.91, 1.92, and 1.96 ppm for the years 2015, 2016, and 2017, respectively (data from the Utö monitoring station of the Finnish Meteorological Institute, approximately 100 km west of the estuary). The gas transfer velocity can be quantified in a number of ways, but it is commonly parameterized as a function of wind speed (e.g., Cole and Caraco 1998; Liss and Merlivat 1986; Wanninkhof 1992) . Here we opted to use the exponential wind relationship formulated especially for estuaries by Raymond and Cole (2001) , 1.91e 0.35u , where u is the mean wind speed at 10 m height above sea level. Schmidt number is the ratio between the kinematic viscosity of water and the molecular diffusion coefficient (Jähne et al. 1987) and k values are commonly normalized to 600, which is the Schmidt number of CO 2 in freshwater at 20°C. Hence, the final atmospheric flux was calculated as:
where Sc CH4 is the Schmidt number for methane, calculated individually for all samples using in situ salinity and temperature values according to Wanninkhof (2014) . Wind speed for each site was estimated by interpolating monthly wind speed averages between two weather stations of the Finnish Meteorological Institute situated roughly SW-NW along the transect (W1: Kiikala, Salo; W2: Tulliniemi, Hanko; Fig. 1 ). SW (the main fetch axis of the estuary) was the predominant wind direction and wind speeds were consistently higher at station W2 ( Fig. S1 , Online Resource). Due to wind speed having a strong effect on atmospheric exchange, atmospheric flux estimates in this study are presented as ranges of ± 1 standard deviation from the value estimated using the monthly mean wind speed.
Results
Transect
Water Column
Salinity in the inner bay was < 5 on all sampling occasions, with salinities offshore ranging between 6 and 8. Both summer transects displayed clear thermal stratification, although the thermocline was markedly deeper in the inner bay than in the outer archipelago. At the two most offshore sites, the depth of the thermocline increased again ( Fig. S2 , Online Resource). The highest dissolved CH 4 concentrations in the water column were consistently found near the river mouth at the surface of station A, with the highest value of 665 nM found in June of 2016 ( Fig. 2) . These values were similar to those measured in the inflowing river water in September 2015 (450 ± 7 nM, not shown), indicating a clear signal of river-derived CH 4 in the surface waters of the inner estuary. Surface concentrations decreased offshore consistently throughout all the sampling years, with a midwater minimum at 15 m depth in the estuary. CH 4 concentrations were elevated in the near-bottom samples at most sites on most sampling occasions, suggesting efflux from the sediments. However, these values were consistently lower than those close to the river mouth. In the archipelago areas, CH 4 concentrations were comparatively high throughout the water column, while concentrations at the offshore site K were consistently among the lowest measured. During winter, ice cover had a strong influence on the CH 4 distribution in the estuary; concentrations at the river mouth were lower than during summer, the CH 4 -rich surface plume expanded further into the inner estuary with concentrations of 130-245 nM in the surface, and also the midwater minimum was expanded vertically from summer. Overall, the surface water concentrations were the highest in winter throughout the whole estuary.
During both summers, the highest atmospheric CH 4 fluxes were found at site A near the river mouth, from which the fluxes steadily decreased offshore (Fig. 3) . The highest mean flux was calculated in June of 2016 (− 1.56 mmol m −2 day −1 , min − 0.7, max − 3.46), while the lowest fluxes were consistently found from the furthest offshore site K during all years. During winter, sites under ice were considered to have an atmospheric flux of 0, but potential fluxes are still shown in Fig. 3 because they are indicative of fluxes at the ice margins or gaps in the ice. At completely ice-free sites in March 2017 (H, J, and K), the mean atmospheric fluxes were higher than at the same sites during summer, and due to stronger winds, the maximum flux at site J (−1.12 mmol m −2 day −1 ) was among the highest in the whole study. 
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Sediment
Sediment porewater CH 4 concentrations measured in June 2016 are typically in the millimolar range, indicating significant methanogenesis in shallow sediments throughout the transect (Fig. 4 ). The highest CH 4 concentration, 6.19 mM, was found at site K from 12 cm depth, although the offshore trends in absolute CH 4 concentrations and the depth of the SMTZ are complex. Sediments near the sill (sites E-G) were typically devoid of methane, most likely due to the fact that these locations are characterized by transport rather than accumulation bottoms and, hence, lower concentrations of degrading organic matter. Sediments in bathymetric depressions (e.g., sites D and K), conversely, show elevated values. However, the shape of SO 4 2− profiles suggests that SO 4 2− reduction occurs at all sites. The depth of the SMTZ (here defined as the depth of equivalent CH 4 and SO 4 2− concentration in the porewater profiles) is determined both by the upwards flux of methane and the bottom water SO 4 2− concentration. The latter show a clear increasing trend with distance offshore (Fig. 4) . The depth of the SMTZ, in turn, is the primary control on the flux of methane across the sediment-water interface. Fluxes are typically highest in the bathymetric depressions ( Fig. 3) , consistent with high methane concentrations in the sediments at these locations. However, despite higher absolute porewater CH 4 concentrations at site D, site C shows a higher flux across the sediment-water interface, due to its lower bottom water SO 4 2− concentration and hence shallower SMTZ. The highest fluxes anywhere on the transect were calculated at the offshore site K (− 9.66 mmol m −2 day −1 ), a bathymetric depression where porewater CH 4 concentrations in the upper centimeter of the sediments are > 1 mM ( Figs. 3 and 4) . The sediment and atmospheric fluxes showed no correlation along the transect sites (Pearson's product-moment correlation p > 0.5).
Seasonal
Water Column
Water column CH 4 concentration patterns, as well as atmospheric and sediment fluxes, varied significantly during the seasonal cycle at both study sites J and L. Bottom water CH 4 concentrations at site L were generally higher than at site J. The highest bottom water value of 611 nM was found in June from the deepest sampling point at site L (Fig. 5) , consistent with the stronger stratification at this site and flux is reported for site L in March because the site was under ice. Site J was ice-free and in March had the second highest seasonal flux value in the study of − 0.34 mmol m −2 day −1 .
Sediments
Surface sediment porewater CH 4 concentrations were generally higher at site L, with the highest concentration of 0.96 mM found in June. Accordingly, the SMTZ at this site was consistently shallower in the sediment column at site L (Fig. 6 ). The SMTZ, as defined by the depth of equivalent concentrations of CH 4 and SO 4 2− , is also indicated by the maximum in porewater H 2 S, which was also generally observed close to this depth. The accumul a t i o n o f C H 4 a b o v e t h i s s u g g e s t s i n t e n s i v e methanogenesis despite active sulfate-mediated AOM, evidenced by the presence of H 2 S. The overall shape of the CH 4 profiles at the two sites also differs considerably. Site J shows a concave profile in the uppermost 15 cm, while site L shows a convex profile in this interval. Also, concentrations at site L begin decreasing after 20 cm, whereas they generally keep increasing with depth at site J, with the highest concentration 5.33 mM found from 40 cm depth in June. The profiles The PROFILE outputs, too, show a clear zone of net methane consumption in the surface sediments at site J, while the corresponding interval at site L shows net production. Conversely, site L shows net production be-low~15 cm, with evidence for net consumption in the deepest interval during April and October, while site L always shows a clear zone of net consumption below2 5 cm. The sediment CH 4 flux was considerably higher at site L throughout all sampling months (Table 1) . At site J, the highest sediment fluxes (− 0.61 to − 0.66 mmol m −2 day −1 ) are found in April and October with lower fluxes (− 0.25 mmol m −2 day −1 ) during the summer, while site L displays an opposite trend, with the highest sediment fluxes (− 5.69 to − 5.73 mmol m −2 day −1 ) found during summer and lower in spring and autumn (− 4.11 to − 4.32 mmol m −2 day −1 ).
Discussion
Pojo Bay and Its Archipelago as Net Sources of Methane to the Atmosphere
The Pojo Bay estuary surface waters were consistently supersaturated with CH 4 throughout the whole study across all sampling years and sites, making it a net source of CH 4 . In terms of site-specific values on our study transect, highest fluxes were measured in the estuary. However, due to the spatial extent of the archipelago regions along the coast of the Gulf of Finland, the contribution of these areas is expected to dominate the net methane flux to the atmosphere in this coastal setting.
Many of the patterns in CH 4 fluxes to the atmosphere seen along the transect are well established in previous literature. The seaward decrease of surface water CH 4 concentrations is a commonly observed phenomenon in estuaries (Bartlett et al. 1987; de Angelis and Scranton 1993; Middelburg et al. 1996; Upstill-Goddard et al. 2000) , and overall CH 4 concentrations in estuaries are lower than in fresh waters (Wik et al. 2016b) , which was also true at Pojo Bay. The average surface water saturation in the whole Pojo Bay estuary was 4148% (range 561-21,234%), which is broadly comparable to other European estuaries (Bange 2006; Upstill-Goddard and Barnes 2016) . Surface waters of the open Baltic are typically only slightly supersaturated and rarely exceed 500% (Bange et al. 1994; Gülzow et al. 2013 ). This shows that while coastal areas and estuaries are smaller in area, they are still likely an important part in total CH 4 emissions from the Baltic Sea.
Major Sources of Methane to the Water Column in Pojo Bay and Its Archipelago
Mustionjoki River
Rivers effectively accumulate methane from their drainage and are very active in methanogenesis (Stanley et al. 2016) and are therefore strong sources of atmospheric methane themselves (Upstill-Goddard et al. 2000) . In this study, the inflowing river was a perpetual source of CH 4 in to the inner bay of the estuary. Although the input of CH 4 from the river to the estuary during the sampling period in June 2016 was limited due to low discharge at this time (~7 m 3 s −1 ), the average input is likely to be higher. Concentrations up to 2.5 times higher in the river mouth have been measured at this location (e.g., 1660 nM, unpublished data). Also, based on long-term monitoring data from The Finnish Environment Institute, periods of discharge up to six times higher (~50 m 3 s −1 ) were observed in 2016 alone.
Methanogenesis in the Sediment Column
The strong gradients in CH 4 concentrations in the sediment porewaters indicate a diffusive flux of CH 4 from sediments to the water column throughout the transect (Fig. 4) . Only in the area of organic-poor sediments close to the sill (sites F, G) are low porewater CH 4 concentrations observed at all depths in the sediments. Coastal sediments in this region are characterized by high concentrations of organic carbon (3-6%) and sedimentation rates of 0.5-0.9 cm/year ), leading to short oxygen exposure times for sedimenting organic matter and high rates of anaerobic remineralization processes, including methanogenesis (Middelburg and Levin 2009; Sobek et al. 2009 ). The flux of CH 4 from sediments to the water column leads to elevated bottom water CH 4 concentrations, especially in deeper, more stratified locations (e.g., sites C, D, L, Figs. 2 and 5).
Potential Role of Ebullition
The flux from sediments to water column may be enhanced by ebullition. If porewater CH 4 concentrations exceed local hydrostatic pressure, the formation of gas bubbles may occur (Wever et al. 1998 ). Although we did not observe supersaturation of CH 4 in the porewaters within the sampled depth interval in our sediment cores, bubble formation may initiate well below saturation (Chanton et al. 1989 ), implying that ebullition is possible in this setting. While we did not measure ebullition directly, we made several visual observations of bubbles in the water column during sampling at various sites along the transect. Also, at site L, water column gas replicates occasionally had extremely high CH 4 content (> 20 μM), suggestive of gas bubbles becoming trapped within the sampling syringe.
The simultaneous presence of CH 4 and H 2 S and SO 4 2− in the shallow sediments at site L (Fig. 6) indicates a strong overlap of the diagenetic zones in the sediments, as observed previously in the northern Baltic Sea (Sawicka and Brüchert 2017; Jilbert et al. 2018 ). This shows that methanogenesis is occurring in the upper sediments simultaneously with sulfate reduction, potentially due to the use of noncompetitive substrates by the microbial communities (Maltby et al. 2018 ). These high CH 4 concentrations close to the sediment-water interface increase the possibility that ebullition could occur, due to subannual temperature changes or sediment destabilization. Furthermore, ebullition could also partially explain the stochastic nature of the water column CH 4 concentrations observed in the archipelago in this study. Not only does ebullition commonly display high spatiotemporal variability (e.g., Scandella et al. 2016) , it also has been shown to enhance diffusive sedimentary fluxes by making the sediment more porous (Flury et al. 2015) .
Regulation of Sediment Flux by Oxidation Processes
AOM in the SMTZ
The accumulation of H 2 S in conjunction with a downward decline of SO 4 2− and upward decline of CH 4 at around 10 cm depth at sites J and L is suggestive of SO 4 2− -AOM. The depth of the SMTZ was considerably deeper at site J compared to site L and varied in depth between sites along the transect (Fig. 4, Table 1 ).
At all sites, the SMTZ is expected to act as a strong filter to CH 4 fluxes from sediments to the water column (Knittel and Boetius 2009 ). However, the significant differences in the depth of the SMTZ between sites indicate that the efficiency of this filter function is variable with space in the coastal environment. Sites such as D, K, and L are characterized by high sedimentations rates and organic matter contents, leading to relatively compressed redox zonation and a shallow SMTZ (Figs. 4 and 6) . We did not observe a consistent effect of bottom water sulfate concentration on the depth of the SMTZ as given by the depth of equivalent concentrations of CH 4 and SO 4 2− (Fig. 4) , implying that the flux of organic matter to the sediments is the main factor controlling the SMTZ depth. Our detailed comparison of sites J and L confirms that locations with a shallower SMTZ (site L) also show higher fluxes of CH 4 to the water column (Table 1) , implying a less efficient filter function of SO 4 2− -AOM.
MOX at the Sediment Surface
The uppermost 10-15 cm of the sediments at site J showed consistent net consumption of porewater CH 4 (Fig. 6.) . We interpret this as evidence of enhanced MOX in the zone above the SMTZ due to the presence of benthic fauna. Benthic animals have an important role in many sedimentary solute fluxes (Middelburg and Levin 2009) . Our results show strong evidence of bioirrigation, i.e., the introduction of oxic bottom water via animal burrows down to 10 cm or more in the sediment, which greatly reduces sediment flux of methane. Indeed, site J was recently shown to have an active community of benthic fauna that affects solute fluxes seasonally (Kauppi et al. 2018) , whereas in comparison at site L, there is no benthic fauna, likely due to recurrent seasonal hypoxia or anoxia (e.g., Gammal et al. 2017 report 0.0 mg/L O 2 at this site for August 2010). We suggest that this is reflected in the porewater profiles, with CH 4 found much closer to the sediment surface at the hypoxic site L due to the absence of bioirrigation. Similarly, Abril and Iversen (2002) observed that sediment cores that contained large amounts of burrowing animals exhibited porewater CH 4 minima close to the sediment surface, not observed in parallel cores without animals.
While we do not have detailed CH 4 porewater profiles from all transect stations, we expect non-hypoxic bottom areas in both the estuary and archipelago to exhibit some degree of bioirrigation; hence, this may be an important process regulating the sediment CH 4 flux in this system.
In contrast to our findings, Bonaglia et al. (2017) observed that macrofauna enhanced CH 4 fluxes from the sediment by a factor of 8 compared to fauna-free sediment. However, they based their flux estimates on changes in concentration over time in an oxic incubation chamber, which makes direct comparison with our results difficult. For example, it is possible that the addition of benthic organisms to previously uncolonized sediments stimulated transient release of CH 4 , including through ebullition, whereas in our study locations, the porewater signals of bioirrigation-induced MOX appear to be largely stable over time (Fig. 6 ).
Quantitative Budget of Methane Fluxes in Pojo Bay and Its Archipelago
A highly simplified budget of CH 4 flows in the estuary and archipelago areas was estimated assuming a set of constraints as outlined in Table S1 (Online Resource). The goal of this exercise is to establish the relative orders of magnitude and ranges of CH 4 flows in different parts of the system. Due to the required extrapolation, it is not possible to refine these estimates further with the available data. Nevertheless, the exercise yields some key findings. For example, the results suggest that the surface waters of the estuary at the time of sampling contained a reservoir of 12,853 mol CH 4 (Fig. 7) . The estimated efflux to the atmosphere from the estuary was 5589 mol/day, indicating a turnover time of the surface-water inventory on a timescale of days, which is considerably less than the residence time of the bay (1.5 years, Meeuwig et al. 2000) . The estimated input of CH 4 from the river at the time of sampling was 374 mol/day, while the calculated diffusive flux from the isolated deep-water layer was only 0.5 mol/day. This indicates that the combined inputs to the surface waters at the time of sampling were significantly less than the amount required to balance the efflux to the atmosphere (Fig. 7) . Hence, we conclude that the estuarine system was far from steady state with respect to CH 4 at the time of sampling. Furthermore, the system likely displays continuous highamplitude variation in reservoir size, as well as riverine input and atmospheric fluxes, on very short timescales as a consequence of variable weather conditions. The estimated range for atmospheric fluxes shown in Fig. 7 is based on the measured surface water CH 4 concentrations and the climatological range of wind stress in the month of June. Hence, the values are strongly dependent on the conditions during our sampling campaigns. The true range of values is also expected to be influenced by variability in the size of the surface water CH 4 reservoir over time. This in turn is likely to be controlled by variable inputs from the river. The budget shows that the river is the principal source of CH 4 to surface waters in the estuary, being orders of magnitude higher than the diffusive flux from the isolated deep-water layer. Theoretically, periods of high river discharge may lead to accumulation of the surface-water inventory, followed by rapid pulse-like expulsion to the atmosphere during high-wind stress storm events (Gelesh et al. 2016) .
The flux of CH 4 from the sediments to the deep waters is estimated to be 5676 mol/day, a value that appears high compared to the deep-water reservoir of 4209 mol. However, the coarse resolution of our sediment sampling method is insufficient to resolve the fine-scale details of the porewater CH 4 gradient close to the sediment-water interface. It is likely that the vast majority of the upwards-diffusing CH 4 is oxidized by AOM and MOX in the uppermost sediment layers and, hence, that the true flux to the bottom waters is considerably lower than calculated here.
Despite extensive oxidation at the sediment-water interface, a fraction of sediment-derived CH 4 is clearly observed as elevated values in the deep waters of the estuary (Fig. 2) . This drives an upwards diffusive flux toward the pycnocline and, hence, an additional, if small, contribution to surface water CH 4 concentrations in the estuary (Fig. 7) . Processes in the water column, including dilution and oxidation, appear to attenuate the sediment-derived CH 4 signal in the intermediate-depth layers of the estuarine water column, leading to the development of a midwater minimum (CH 4 < 30 nmol L −1 ). This is likely maintained by the strong stratification, which also prevents downward advection of CH 4 introduced by the river water.
The budget shows that only a small fraction of the CH 4 introduced to surface waters of the estuary is transported across the sill to the archipelago area (Fig. 7) . This indicates that the estuary behaves as a largely self-contained system with respect to CH 4 cycling. Conversely, the archipelago area displays its own internal CH 4 cycle, in which inputs are dominated by diffusion from sediments. Although the same oxidation filters are active in the archipelago as in the estuary, the flux from sediments is sufficient to raise deep-water CH 4 concentrations in some areas up to 600 nmol L −1 (Fig. 5) . The heterogeneous nature of the archipelago environment makes spatial extrapolation of fluxes even more difficult than in the estuary. However, even if a small fraction of the archipelago area (as defined in Fig. S3 , Online Resource) behaves similarly to our study locations, the estimated atmospheric fluxes are orders of magnitude higher than the flux of CH 4 introduced to Derivation of all values is presented in Table S1 (Online Resource) and the areal definition of the archipelago is presented in Fig. S3 (Online Resource) . The gray-shaded area behind the sediment flux value conceptually represents the oxidative filter, i.e., real sediment flux is likely much less than presented here as most of the upwards-diffusing CH 4 will be oxidized before it enters the water column the archipelago via the sill (Fig. 7) , indicating the importance of the sediment CH 4 source in this environment. Overall, we can conclude from the budget that sedimentary methanogenesis obviously contributes to the total inventory of CH 4 in the estuary, especially during times of low discharge. However, in terms of atmospheric methane emissions originating from the estuary, current allochthonous CH 4 loading (i.e., input from the river) is likely far more important than the autochthonous loading caused by the legacy of eutrophication and sediment methanogenesis. This finding is similar to Abril and Iversen (2002) who calculated that annual CH 4 input by the river in Randers Fjord was equivalent to two thirds of total atmospheric emissions in that system, implying a lesser role for autochthonous estuarine CH 4 production. In the archipelago, the situation is reversed and methanogenesis fueled by the legacy of eutrophication is the main source of atmospheric methane.
Controls on Intra-annual Variability in Water Column Methane Concentrations
Seasonal Solubility and Oxidation Effects
Apart from the river-influenced surface layer, CH 4 concentrations in the estuary were overall lower in winter than in summer (Fig. 2) . This runs contrary to the expectation of higher solubility of CH 4 at lower temperature, indicating that some additional processes control CH 4 saturation in the estuary in winter. Rates of water column MOX are sensitive to both temperature and salinity. MOX has an inverse relationship with salinity and is more efficient at low-salinity environments (de Angelis and Scranton 1993; Abril and Iversen 2002) . The low salinity in the estuary could therefore favor MOX and cancel out the MOX inhibition caused by the cold temperatures (Steinle et al. 2017) . Water column AOM, which may be active in low-oxygen regions of the study transect, has also been shown to have relatively high temperature optimum of 25-37°C (Zehnder and Brock 1980) . Furthermore, both AOM and MOX are most effective at the interfaces of strong gradients such as the pycnocline (Borges and Abril 2011) , which are not present in a mixed water column. Therefore, the cold, more saline, and well-mixed conditions in the archipelago might be inhibiting both MOX and AOM, thus explaining the elevated concentrations of CH 4 in the archipelago during winter (Fig. 2) .
Seasonal Changes in Stratification and Mixing
In the archipelago areas, CH 4 accumulated in the deeper waters is transported to the surface through physical mixing processes during winter, leading to a more uniform profile of CH 4 concentrations with higher surface concentrations (Figs. 2 and 5) . Breakdown of stratification in late autumn could potentially lead to intermittent, "pulse-like," atmospheric emissions with large amounts of CH 4 escaping into the atmosphere over a relatively short period of time (Gelesh et al. 2016) . Our results from site L suggest that stronger stratification coupled with low-oxygen bottom water in summer leads to decreased atmospheric flux of methane, whereas a large flux is detected during autumn, when mixing events are more likely (Fig. 5, Table 1 ). Silvennoinen et al. (2008) also observed the highest supersaturations of CH 4 during winter in Liminganlahti Bay in Northern Finland and also measured the highest atmospheric fluxes during winter in the unfrozen parts of the estuary.
In the Pojo Bay estuary, winter is characterized by extensive ice cover (Fig. 2) . The inflowing river remained a strong source of methane during our winter sampling campaign, though the spatial signal of river-derived CH 4 differed from summer. The signal extended further offshore but was more diffuse in terms of the absolute concentrations. This was likely due to the river water creating a more compressed, laterally expanded freshwater lens under the ice. In previous studies, the influence of the river and especially spring melt water has been found to extend all the way to site J (Niemi 1975; Heiskanen and Tallberg 1999) .
Subseasonal Exchange of Water Masses in the Archipelago
There was a remarkable drop in the water column CH 4 inventory from June to August at site L (Fig. 5) , which can be explained by a large intrusion of saline water into the relatively secluded basin where this site is located, which displaced the CH 4 -rich deep-water layer (Fig. S2, Online Resource) . The same phenomenon can be seen at site J also, but to a lesser extent, and there it seems that only the surface water becomes more saline. A combination of both oxidation and displacement is likely behind the large decrease in CH 4 inventory (Schmale et al. 2016; Myllykangas et al. 2017) .
Seasonal Migration of SMTZ
There were slight seasonal changes in the SMTZ depth and rates of methane production and consumption at the studied locations ( Fig. 6) . At site J, the SMTZ (defined as the depth of equivalent CH 4 and SO 4 2− concentration) was slightly deeper in spring and autumn and slightly shallower during summer (Fig. 6 ). Contrary to expectations, the calculated CH 4 fluxes were slightly suppressed during summer months (Table 1) . At site L, the SMTZ was deepest in spring and became shallower with the passage of the year. Yet, there was no coincident trend in methane flux (Table 1) . We note that the seasonal pattern differs slightly if the SMTZ is defined by the maximum concentration of H 2 S (e.g., SMTZ at site L is deeper in October than August, Fig. 6 ). However, the small changes in methanerelated processes in the sediments appear to be insufficient to drive major seasonal changes in the flux of CH 4 to the water column in these locations. In the study of Schmaljohann (1996) from the Kiel harbor, clear seasonality was observed in the depth of the SMTZ over a range of 10-20 cm depth in sediment, potentially related to organic matter loading to the sediments. However, this author also observed a complex seasonal pattern of deep-water CH 4 concentrations, which could not be readily attributed to the mobility of the SMTZ and sediment fluxes. In other studies by Dale et al. (2008) and Mogollón et al. (2011) , significant seasonal changes in AOM rates in sediments occurred due to temperature variations. Still, in these study locations, the SMTZ was located at > 2 m sediment depth, making a comparison with our setting difficult. In conclusion, the relationship between seasonal changes in temperature and organic matter loading, and sediment methane fluxes, are difficult to constrain in our study.
Long-Term Evolution of Methane Emissions in Eutrophied Estuaries
Pojo Bay Estuary and Archipelago
Like many other coastal regions of the Baltic Sea, the Pojo Bay estuary and the adjacent archipelago suffered from anthropogenic eutrophication during the twentieth century, leading to the expansion of seasonally hypoxic bottom waters in stratified areas (Conley et al. 2011; Jokinen et al. 2018) . In the Pojo Bay estuary itself, there was a brief recovery period in the early 1980s, but oxygen conditions soon deteriorated again and the estuary suffered from extensive hypoxia in the 1990s (Malve et al. 2000) . During that time, enhanced primary production in the estuary and archipelago led to high rates of carbon accumulation in the sediments (Heiskanen and Tallberg 1999) . In a recent study, Raateoja and Kauppila (2019) studied eutrophication development of three estuaries in Northern Baltic, including Pojo Bay, from the 1970s onwards. In accordance with other studies of SW Finland archipelago areas (Conley et al. 2011; Jokinen et al. 2018 ), they did not find any evidence of oligotrophication in the recent past, but note that the two large lakes in the catchment of Mustionjoki may buffer changes in coastal nutrient levels, by delaying land-to-sea nutrient transfer. Bryhn et al. (2017) also argue that direct nutrient loading reduction to coastal catchments rarely controls the recovery of these systems from eutrophication, due to import of nutrients from the open Baltic Sea. This phenomenon is expected to be particularly important in open archipelago areas such as the outer stations of our study transect. They found that in 95% of their 656 coastal study sites along the Swedish coast, the influence of offshore nutrient contributions had a much greater impact on local nutrient concentrations than either catchment loading or atmospheric deposition. Therefore, the future recovery from eutrophication in our study region is likely closely coupled to that of the Baltic Sea as a whole.
Eutrophication and increased oxygen demand in the northern Baltic Sea have been shown to strongly influence diagenetic zonation in sediments, favoring a shallow SMTZ and enhanced rates of methanogenesis (Egger et al. 2015; Rooze et al. 2016 ). This situation is favored by the low salinity and, hence, low bottom water sulfate concentrations in this system (Capone and Kiene 1988) . The high porewater CH 4 concentrations and shallow SMTZ depths observed in the sediments along the entire transect (Figs. 2 and 6 ) are therefore likely a modern phenomenon that is observed in response to nutrient loading in this region. This configuration of the diagenetic zones in the sediments contributes to high diffusive efflux of CH 4 . In the archipelago areas, where sediments contribute the majority of the CH 4 fluxes to the atmosphere (Fig. 7) , the legacy of eutrophication is therefore a potential key driver of methane emissions today. The theory of a recent acceleration of sedimentary methanogenesis is supported by the observation that CH 4 concentrations at some locations decline in the deeper sediments (e.g., below 20 cm at station L, Fig. 6 ). This implies lower rates of methanogenesis in layers deposited before peak eutrophication and carbon loading. However, we acknowledge that Fe-mediated AOM in the sub-SMTZ sediments (Egger et al. 2015) may also impact on these profiles.
Outlook and Implications
In a recent study, Borges et al. (2018) suggested a close coupling between eutrophication of the Belgian coastal zone and methane emissions from sediments. These authors compared methane concentrations 26 years apart and found a significant decrease in water column CH 4 concentrations, which they attribute to oligotrophication of the coastal zone during that time period. Our results confirm this close coupling, by showing that the shift toward eutrophication in the northern Baltic Sea has likely enhanced methanogenesis rates in the coastal sediments of this system.
Most findings of this study reinforce the patterns found in previous studies (e.g. Silvennoinen et al. 2008) . The future evolution of methane emissions from our study area will likely depend on a combination of factors: first, the trajectory of nutrient loading from the catchment and import from the open Baltic Sea, which is expected to dictate rates of primary production and carbon loading to sediments. Secondly, climate change effects may play a strong role. For example, Wik et al. (2016b) found that the increased duration of the ice-free period caused by the warming climate was the main factor contributing to increased CH 4 emissions from Northern lakes. Many areas of the northern Baltic Sea currently experience significant ice cover during winter months. According to our results, the distribution of sea ice strongly influences the distribution of methane in the water column in winter and the location of its eventual emission to the atmosphere (Figs. 2 and 3) . In particular, the offshore propagation of terrestrial methane away from riverine sources may change if the extent and duration of ice cover is reduced in the future (Schneider et al. 2014) . Climate change is also expected to increase precipitation especially in the Northern Hemisphere (Putnam and Broecker 2017) . This would likely affect the freshwater balance in Pojo Bay in other similar estuaries and cause changes in stratification, solubility of CH 4 and, combined with increased discharge and ground runoff, increase land-to-sea CH 4 transport via increased methanogenesis in adjacent wetland areas (Corbett et al. 2015) .
The role of ebullition in methane transfer from coastal sediments to the atmosphere requires further investigation. This process may be important both in our study system and in other coastal regions and may be sensitive to future changes in carbon loading, as well as bottom water temperatures and sediment resuspension importance of ebullition in controlling fluxes of methane directly from the sediment column. Bubbles rapidly rising through the water column to the surface may bypass the oxidative filter functions of AOM and MOX entirely (Knittel and Boetius 2009) . The importance of ebullition as a source of atmospheric emissions of CH 4 has become more evident in recent studies. Schilder et al. (2016) found that in many lakes ebullitive fluxes to the atmosphere were almost 10 times higher than the diffusive flux, and it has been suggested that ebullition is behind up to 90% of all CH 4 emissions from aquatic systems (Wik et al. 2016a ). It was also recently shown by Davidson et al. (2018) that while increased temperature and nutrient availability had little direct effect on diffusive fluxes of CH 4 , their effects combined caused a considerable increase in ebullition.
Summary
& The whole estuary and its connecting archipelago were consistently a source of CH 4 to the atmosphere. & According to our results, the allochthonous river input was consistently the main factor behind CH 4 supersaturation in the estuary, while sedimentary methanogenesis fueled by past eutrophication was the main source of CH 4 in the archipelago. The strong flux of CH 4 from the sediments was primarily caused by a shallow SMTZ and, where present, the action of benthic biota. & Seasonal variability had a strong influence on atmospheric fluxes of methane and their spatial distribution. In the estuary, the CH 4 -rich river plume reached much farther offshore, and in the archipelago areas, physical mixing brought methane from the deeper water layers to the surface. Patterns of atmospheric and sedimentary fluxes of methane in the archipelago appeared more complex and less directly affected by seasonality.
& The estuary displayed large variability in the sinks and sources of CH 4 implying that CH 4 fluxes to the atmosphere are equally variable and dependent on both local hydrodynamics as well as the larger climate system. & The strong CH 4 fluxes from the sediments are likely a recent (decadal timescale) phenomenon. Our porewater CH 4 profiles show declining concentrations at greater depth in the sediment column, implying that the main zone of methanogenesis in this system is the shallow sediments. & Despite the clear evidence of strong methanogenic activity throughout the sediments both in the estuary and the adjacent archipelago, atmospheric fluxes were generally at least an order of magnitude lower than respective sedimentary fluxes. This indicates that the oxidative filters are still functioning efficiently, although phenomena such as ebullition bypass these filters and future changes in temperature and eutrophication development might further modify the balance of these processes.
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